A whole-genome scan to detect quantitative trait loci (QTL) for functional traits was performed in the German Holstein cattle population. For this purpose, 263 genetic markers across all autosomes and the pseudoautosomal region of the sex chromosomes were genotyped in 16 granddaughter-design families with 872 sons. The traits investigated were deregressed breeding values for maternal and direct effects on dystocia (DYS m , DYS d ) and stillbirth (STI m , STI d ) as well as maternal and paternal effects on nonreturn rates of 90 d (NR90 m , NR90 p ). Furthermore, deregressed breeding values for functional herd life (FHL) and daughter yield deviation for somatic cell count (SCC) were investigated. Weighted multimarker regression analyses across families and permutation tests were applied for the detection of QTL and the calculation of statistical significance. A ten percent genomewise significant QTL was localized for DYS m on chromosome 8 and for SCC on chromosome 18. A further 24 putative QTL exceeding the 5% chromosomewise threshold were detected. On chromosomes 7, 8, 10, 18, and X/Y ps , coincidence of QTL for several traits was observed. Our results suggest that loci with influence on udder health may also contribute to genetic variance of longevity. Prior to implementation of these QTL in marker assisted selection programs for functional traits, information about direct and correlated effects of these QTL as well as fine mapping of their chromosomal positions is required. 
ABSTRACT
A whole-genome scan to detect quantitative trait loci (QTL) for functional traits was performed in the German Holstein cattle population. For this purpose, 263 genetic markers across all autosomes and the pseudoautosomal region of the sex chromosomes were genotyped in 16 granddaughter-design families with 872 sons. The traits investigated were deregressed breeding values for maternal and direct effects on dystocia (DYS m , DYS d ) and stillbirth (STI m , STI d ) as well as maternal and paternal effects on nonreturn rates of 90 d (NR90 m , NR90 p ). Furthermore, deregressed breeding values for functional herd life (FHL) and daughter yield deviation for somatic cell count (SCC) were investigated. Weighted multimarker regression analyses across families and permutation tests were applied for the detection of QTL and the calculation of statistical significance. A ten percent genomewise significant QTL was localized for DYS m on chromosome 8 and for SCC on chromosome 18. A further 24 putative QTL exceeding the 5% chromosomewise threshold were detected. On chromosomes 7, 8, 10, 18 , and X/Y ps , coincidence of QTL for several traits was observed. Our results suggest that loci with influence on udder health may also contribute to genetic variance of longevity. Prior to implementation of these QTL in marker assisted selection programs for functional traits, information about direct and correlated effects of these QTL as well as fine mapping of their chromosomal positions is required. (Key words: quantitative trait loci, functional traits, Holstein cattle)
INTRODUCTION
Functional traits are defined as those characteristics of an animal, which increase the efficiency by reducing costs of input (Groen et al., 1997) . Modern milk production management increasingly focuses on functional traits like longevity, udder health, or fertility. However, during the last decades, strong selection of milk production traits was accompanied by a decrease in performance with respect to longevity and by detrimental effects on fertility and udder health (Dü rr et al., 1997; Essl, 1997; Royal et al., 2000) . This problem is further underlined by numerous reports about unfavorable genetic correlations between milk performance traits and functional traits (e.g. Simianer et al., 1991; Castillo-Juarez et al., 2000) . In addition to the direct impact of functional traits on the economic efficiency of dairy cattle farming , there is an increasing public concern regarding animal welfare, which is closely related to functional traits (Groen et al., 1997) . However, many functional traits are difficult to describe and to record in a dairy cattle population. For calving ease, as an example, only subjective scores are available. For other traits, like disease incidence, there is no direct recording in many countries at all. In these cases, only indirect selection is possible through the use of information on index traits like SCC as an indicator for udder health (Lund et al., 1994) . These difficulties in trait recording and, additionally, the low heritability of functional traits, impede progress of conventional breeding schemes for functional traits. Marker assisted selection (MAS) may provide a tool to improve this situation. In dairy cattle populations QTL influencing milk production traits are increasingly elucidated (e.g. Georges et al., 1995; Kü hn et al., 1999; Grisart et al., 2002) . However, only limited data are available on the genetic background of health traits and functional traits like fertility or longevity in spite of their economic impact especially in modern production systems. Concerning udder health, several studies described QTL for SCC (e.g. Ashwell et al., 1997; Heyen et al., 1999; Schrooten et al., 2000; Van Tassel et al., 2000) and QTL for mastitis (Klungland et al., 2001 ). However, QTL for calving and fertility traits in dairy cattle had only been described by Schrooten et al. (2000) . Indications of QTL for longevity were found by studies of Ashwell et al. (1998a; 1999) and Van Tassel et al. (2000) in the US Holstein population.
In order to increase the knowledge of the genetic background of this important class of traits, an attempt was made to detect functional trait QTL contributing to the genetic variation in calving ease, frequency of stillbirth, nonreturn rate of 90 d, functional longevity, and somatic cell count. For this purpose, we set up a whole-genome scan to map QTL for functional traits in a granddaughter design in German Holsteins. Calving ease and stillbirth were investigated by analyzing direct effect QTL and maternal effect QTL; fertility was investigated by analyzing QTL for male and female effects on a nonreturn rate of 90.
MATERIALS AND METHODS

Animals
The pedigree material included 16 paternal half-sib families from the German Holstein breed with a total of 872 bulls. This granddaughter design (Weller et al., 1990) was part of a collaborative QTL research effort of German AI and breeding organizations, scientific institutes for animal breeding, and animal computing centers initiated by the German cattle breeders' federation (ADR). Fourteen of the grandsires in the half sib-families were themselves sons of three great-grandsires, which were also available for genotyping to increase marker informativity. Numbers of sons per grandsire ranged from 19 to 127, with an average family size of 54.5 sons. 
Markers and Maps
A whole genome scan, covering all autosomes [Bos taurus chromosomes (BTA) 1-29] and the pseudoautosomal region of the sex chromosomes (BTAX/Y ps ), was applied to the pedigree material (Thomsen et al., 2000) . The marker set included 246 microsatellite markers, eight single strand conformation polymorphisms (SSCP), four protein polymorphisms, and five erythrocyte antigen loci from published marker maps. Microsatellite and SSCP genotypes were determined by automated fragment analysis (A.L.F. express, Amersham-Pharmacia; ABI377, Perkin-Elmer) or detection of microsatellite PCR fragments by silver staining . Routine blood typing laboratories determined genotypes for erythrocyte antigen genotypes according to standard procedures. All genotypes were read into the ADR database (Reinsch, 1999) and checked for Mendelian inheritance. Marker maps were calculated using the multipoint option of CRIMAP (Green et al., 1990) and have been published previously in detail by Thomsen et al. (2000) . These calculated marker orders and map distances were used in the QTL analysis.
Phenotypic Data
Phenotypic traits considered were stillbirth [effect of calf (direct effect; STI d ) and effect of mother of calf (maternal effect; STI m )], dystocia [effect of calf (direct effect; DYS d ) and effect of mother of calf (maternal effect; DYS m )], nonreturn rate of 90 d [effect of sire (paternal effect; NR90 p ) and effect of the cow (maternal effect; NR90 m )], functional herd life (FHL), and SCC. Data on stillbirth were generated by on-farm scoring (1-5) by the farmer, who also indicated stillbirth (death of calf at birth or within 24 h postpartum) to the central database at the animal computing centers for calculation of estimated breeding values. Nonreturn rate of 90 d was calculated from data entry about repetitive breeding after first insemination within a time period of 90 d. Functional herd life was calculated by survival analysis (Ducrocq and Sölkner, 1994) and adjusted for relative milk yield within herd. Data on SCC are collected together with the monthly routine milk-recording scheme. Since no direct data on mastitis incidence in Germany are available, SCC is taken as indirect indicator of udder health (Reents, 1995) . The total number of daughters (for the analysis of SCC), calvings (for the analysis of calving traits), inseminations (for the analysis of fertility traits), and the number of daughters with first lactation (for the analysis of FHL) in the data set as well as the respective number per sire are listed in Table 1. EBV for functional traits of sons were calculated by using a BLUP animal model. For calving traits (DYS, STI) and fertility traits (NR90), maternal effect and di- 
where Dereg i is the deregressed estimated breeding value of son i, REBV i is the relative estimated breeding value of son i, and r i 2 is the reliability of the REBV of son i.
For QTL analysis, all sons of a sire with data on REBV/ DYD for the functional traits were included irrespective of available genotypes at the genetic markers to improve calculation of grandsire effects.
QTL Analysis
QTL mapping was performed for each trait separately by a weighted multimarker regression analysis (Knott et al., 1996) across all families with the BIGMAP and ADRQTL software. The programs are available to the scientific community (please contact: nreinsch@tierzuch t.uni-kiel.de).
where y ijk is the trait value of the jth son of the ith grandsire, gs i is the fixed effect of the ith grandsire, b ik is the regression coefficient for the ith grandsire at the kth chromosomal location, P ijk is the probability of the jth son receiving the chromosomal segment for gamete one from the ith grandsire at the kth chromosomal position, and e ijk is the random residual. The weight of each observation was proportional to one over the variance of a half-sib mean. This variance was calculated as
where h 2 is the heritability of the trait (Table 1) , σ 2 p is the phenotypic variance, and n was set equal to the number of daughters for FHL, the number of inseminated daughters for NR90 m , and the number of daughters with a calving for DYS m and STI m . For DYS d and STI d , n was set equal to the number of calvings descending from the bull under consideration.
In the analysis of NR90 p , the inverse of the variance of a repeated own performance of the bull served as a weighting factor:
where n is the number of inseminations of each sire. The variance of the first lactation DYD for SCC from the test-day model serving as weighting factor for the analysis of SCC was assumed to be
where s 2 is the repeatability of test day SCC within the first lactation and n is the number of daughters.
The program BIGMAP (Reinsch, 1999) determined the most likely marker haplotypes of each sire by a procedure similar to that described by Knott et al. (1996) . These most likely marker haplotypes were taken to calculate transmission probabilities of paternal chromosomes to sons. A hypothesis test for the presence of a linked QTL was performed at every cM on each autosome and the pseudoautosomal region of the sex chromosomes. Test statistic was the F-ratio of pooled mean squares due to regression within grandsires to residual mean square. The peak of the test statistic on a chromosome was considered to be the most likely position of a QTL. Chromosomewise and genomewise significance thresholds were determined by a permutation procedure (Churchill and Doerge, 1994) . For each trait separately, significance thresholds were determined for each chromosome by shuffling trait data randomly within sons of each family 10,000 times. Applying the same strategy, genomewise significance thresholds were calculated by a permutation test for each trait separately.
RESULTS
The genetic marker map covered 3132 cM of the bovine genome across all autosomes and the pseudoautosomal region of the sex chromosomes ( Table 2 ). The average marker interval per chromosome is uniformly distributed across the genome and ranged from 6.0 cM (BTA23) to 23.3 cM (BTA9) with a genomewide mean of 14 cM. Informativity of markers is documented in Thomsen et al. (2000). Thomsen et al. (2000) showed, that the marker map is in good agreement with previously published linkage maps , Kappes et al., 1997 , and that there are no discrepancies of marker order for chromosomes with indication of QTL in our study.
Applying a genomewise threshold of 10% error, a QTL for DYS m on position 93 cM on BTA8 (P genomewise = 0.08) and a QTL for SCC on position 117 cM on BTA18 (P genomewise = 0.058) were found (Figures 1 and 2a) . All functional traits for all positions of peaks of the test statistic with F values exceeding thresholds for 5% chromosomewise error are listed in Table 3 . For length of functional life, putative QTL were found on BTA2 and BTA18. Putative QTL for SCC were detected on BTA7, 10, and 27. For DYS d , chromosomewise-significant QTL were localized on BTA7, 10, and 18. Putative QTL for STI d were identified on BTA6, 7, 10, 13, and 18. On BTA8, 10, 18, and X/Y ps QTL for DYS m as well as for STI m were found. For nonreturn rates 90 d, representing fertility traits, putative QTL on BTA 18 and X/Y ps (maternal effect) and BTA10 and 18 (paternal effect) were detected.
On five chromosomes, more than one QTL for functional traits with 5% chromosomewise significance was detected (BTA 7, 8, 10, 18 , and X/Y ps ). A strong coincidence of QTL influencing DYS and STI was observed for maternal as well as for direct effects in different families. Additionally, the peak position of the test statistic on chromosomes with indication of QTL was almost identical for DYS and STI. The identity of the peak positions corresponds to the observed similar shape of the test statistic across families for DYS and STI traits (e.g. figures 2a and 2b) . However, the identity of the maximum of the test statistic was not only observed when the traits DYS m and STI m on the one hand and DYS d and STI d on the other hand were compared. On several chromosomes, sets of further traits displayed closely neighbored or identical positions of the maximum of the test statistic: BTAX/Y ps (DYS m -STI m − NR90 m ), BTA10 (SCC − NR90 p ), and BTA18 (STI m − NR90 m -DYS d -FHL -SCC − NR90 p , see Table 3 ).
DISCUSSION
In our study, the genetic markers were almost equally distributed over the whole genome-including the pseudoautosomal region of the X/Y chromosomes, which was not included in previous studies investigating QTL for functional traits. The average marker interval (14 cM) in the experiment fulfills requirements for QTL mapping at the level of an initial whole genome scan. Compared to other studies (e.g. Schrooten et al., 2000 , Klungland et al., 2001 , the median number of trait observations per sire was very high, which should indicate a relatively high reliability of breeding values/DYD of the sires. Up to now there has been no or only very limited QTL mapping for functional traits in dairy cattle. To prevent missing true QTL because of conservative tests, we applied the relatively large threshold of 10% genomewise significance in this initial study. To further identify and localize putative QTL for functional traits, we also determined chromosomal positions with chromosomewise significance < 5%.
Applying a threshold of 5% chromosomewise significance, 12 QTL were expected given the number of trait × chromosome combinations (8 × 30). The actual number of QTL detected in this study at a 5% chromosomewise threshold is 26 and exceeds the average expected number of false positives indicating, that at least half of the detected putative QTL should be true. However, the observation, that many of our results confirm previous studies on related traits indicates an even higher number of true QTL in our study.
Calving difficulties and stillbirth (maternal effect). Applying the 5% threshold of chromosomewise error, a QTL for calving difficulties and stillbirth (maternal effect; DYS m ; STI m ) is detected in the middle part of BTA8 (Table 3) . Schrooten et al. (2000) found an indication of suggestive QTL for size and stature in a similar chromosomal region on BTA8. Size and stature of the dam may have an impact on the delivery of the calf (Bellows et al., 1971) .
On BTA18, Ashwell et al. (1998b) found an indication of a locus with impact on strength and thurl width, which may affect calving ease of a cow (Bellows et al., 1971) . The position of the significant marker of their study Nonreturn rate of 90 d (maternal effect). The putative QTL for NR90 m on BTA18 had not been identified in previous studies. However, results for DYS m and STI m provided by our study and mapping results for SCC of others (Ashwell et al., 1997; Schrooten et al., 2000) may add further indication of this putative QTL, as calving difficulties as well as mastitis have been proven to be reasons for decreased female fertility (Emanuelson and Oltenacu, 1998; Schrick et al., 2001) .
Calving difficulties and stillbirth (direct effect). Indication of QTL for stillbirth (direct effect; STI d ) was found on BTA6, which is in agreement with results from Schrooten et al. (2000) , who found indication of a QTL for calving ease in the same chromosomal region at 44 cM. Additionally, Schrooten et al. (2000) mapped QTL for size and dairy character in the proximal region of BTA6; both traits may influence delivery of a calf. The putative QTL for STI d on BTA6 is further underlined by results from Casas et al. (2000) , who mapped a QTL for birth weight in the same chromosomal region, in which we localized the QTL for STI d . Previous studies mapped QTL for traits related to DYS d /STI d on BTA10 (QTL for angularity at position 12 cM; Schrooten et al., 2000) and BTA18 (QTL for strength near BM2078 in the telomeric part of the chromosome; Ashwell et al., 1998b) . On BTA7 and 13, where we detected additional putative QTL for DYS d and/or STI d , other studies did not describe QTL for direct effects on calving difficulties or related traits.
Nonreturn rate of 90 d (paternal effect). To our knowledge, no QTL for NR90 p , an indicator of male fertility, have been mapped before in dairy cattle. We found putative QTL for this trait on BTA10 and BTA18.
SCC. For SCC the detection of a putative QTL on BTA7 is in agreement with results from Heyen et al. (1999) and Van Tassel et al. (2000) . We confirmed the QTL position for SCC reported by Heyen et al. (1999) at the telomeric end of the chromosome, whereas Van Tassel et al. (2000) found a QTL in a single marker analysis in the middle part of the chromosome. Our QTL for SCC on BTA18 confirmed the QTL detection by Schrooten et al. (2000) and Ashwell et al. (1997) on the respective chromosome. Schrooten et al. (2000) localized a QTL for SCC in the middle part of BTA18, while Ashwell et al. (1997) found linkage of a QTL for SCC to marker BM2078 localized in the telomeric region of the chromosome. On BTA27 no QTL for SCC has been described before. Although Klungland et al. (2001) recently mapped a QTL for mastitis resistance in the middle part of BTA27 (marker interval IOBT313-BM1857) near the position where the QTL for SCC mapped in our study, they did not find any indication of a QTL for SCC in their data set. These discrepancies might reflect that clinical mastitis and SCC seem to monitor different aspects (e.g. clinical vs. subclinical infection) of udder health (Pösö and Mäntysaari, 1996) . Schrooten et al. (2000) provide additional support for the existence of a locus with impact on udder health on BTA27, because they localized a QTL for udder depth on this chromosome. Udder depth is one of the type traits in dairy cattle with the strongest correlation to SCC (Lund et al., 1994) .
Functional herd life. Only very few studies investigated QTL for longevity in cattle. Applying a threshold of 5% chromosomewise significance, we detected putative QTL for functional herd life on BTA2 and BTA18. Van Tassel et al. (2000) , however, found a QTL for productive life on BTA2 in a single marker analysis at the telomeric end of the chromosome. For BTA18 this is the first report of a QTL for longevity. However, to compare our results with those of other studies, it has to be considered that trait definition was not identical. While Heyen et al. (1999) , Ashwell et al. (1997; 1998a; 1999), and Van Tassel et al. (2000) looked at productive herd life, which measures the success of a cow to survive both voluntary and involuntary culling, in our study the length of functional herd life was investigated and is adjusted for voluntary culling due to unsatisfactory milk yield within herd. Because the definition of the traits is not identical, different genes may be responsible for their genetic variation. When looking at traits related to longevity, several studies confirming the putative QTL on BTA2 and BTA18 are found. At the position of the putative QTL for functional herd life in the middle part of BTA2, Ashwell et al. (1998b) found indication of a QTL for fore udder attachment. Additionally, Schrooten et al. (2000) localized a QTL for milking speed in the respective chromosomal region on BTA2. Milking speed and fore udder attachment are correlated to SCS and also to mastitis (Lund et al., 1994) . Evidence for the putative QTL for functional herd life on BTA2 and BTA18 is further strengthened by the fact that in both chromosomal regions the test statistic for SCC was significant at a 10% genomewise (BTA18) or chromosomewise (BTA2; data not shown) level. Besides infertility, mastitis is the main cause for involuntary culling in the German Holstein population (Rinderproduktion in der Bundesrepublik Deutschland 1999; . Neerhof et al. (2000) found a genetic correlation of −0.4 between the risk of being culled and the national evaluations of the bulls for mastitis resistance in Danish Black and White dairy cows. Additionally, the strongest genetic correlations were found between udder traits (fore udder attachment, udder depth) and longevity when looking at the relation between type traits and yield adjusted herd life (Vukasinovic et al., 1995; Larroque and Ducrocq, 2001 ). Therefore, the locus contributing to genetic variation of SCC may also influence the length of functional life, as cows with an increased incidence of mastitis may have an increased risk of reduced herd life due to involuntary culling. This finding supports the hypothesis that loci with influence on udder traits and/or mastitis may also contribute to genetic variance of longevity.
In our study, the coincidence of QTL localization for several functional traits in identical chromosomal regions raised the question about the underlying mechanisms. Either a single gene with pleiotropic effects on several correlated traits or several tightly linked QTL could result in coincidence of QTL localization for several functional traits. Further investigations, including an increased marker density in the respective chromosomal regions as well as additional statistical analyses (e.g. multivariate analyses), will be necessary to discriminate between the two hypotheses.
There are several reports about unfavorable genetic correlations between milk performance traits and functional traits (Simianer et al., 1991; Castillo-Juarez et al., 2000) . However, the chromosomal positions of QTL for functional traits in this study did not show overlaps with genomic positions of QTL for milk performance traits in Holsteins, except for STI d on BTA6. Especially in the proximal part of BTA14, where a missense mutation in the DGAT1 gene with a major effect on milk performance traits was identified (Grisart et al., 2002) , no QTL for functional traits was detected. Nevertheless, the lack of coincidence of QTL for milk performance traits and QTL for functional traits is no proof that unfavorably corre- lated effects on functional traits can be excluded for the previously detected QTL for milk performance traits. However, it may be assumed that if the correlated effects existed, their effect should be smaller than for those QTL for functional traits described in this report. Absence of unfavorably correlated effects on performance and functional traits would significantly increase efficiency of selection on functional traits in MAS breeding schemes, because no undesirable effects on performance traits have to be taken into account.
CONCLUSIONS
Information on prevalence, position, and effects of QTL for the target traits is required to implement markerassisted selection (MAS) in dairy breeding programs. In our study, we showed that a QTL for dystocia (maternal effect) on BTA8 and a QTL for SCC on BTA18 are segregating in the German Holstein population. Further putative QTL for dystocia (direct and maternal effects), stillbirth (direct and maternal effects), NR90 (paternal and maternal effects), SCC, and functional herd life could be localized in distinct chromosomal regions. However, due to the relatively large statistical threshold values in our study, those QTL without confirmation have to be investigated in further studies. Five chromosomes (BTA7, 8, 10, 18 , and X/Y ps ) harbored QTL for more than one functional trait. Coincidence of peaks of test statistic for functional herd life and SCC on BTA2 and BTA18 together with results from previous reports about QTL for udder traits in the respective chromosomal areas suggest that loci with influence on udder traits and/or udder health may also contribute to genetic variance of longevity. Regarding practical application for dairy cattle breeding, the detection of QTL for several functional traits indicates that it will be principally possible to use MAS for these traits, which are of increasing economic importance in the German Holstein population.
